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Li3V04  is  fabricated  by  a  facile  hydrothermal  method  and  subsequent  annealing  treatment.  The  elec¬ 
trochemical  performance  and  the  possible  charge/discharge  mechanism  of  the  as-prepared  Li3V04  as 
anode  for  Li-ion  battery  are  firstly  studied.  Galvanostatic  battery  testing  shows  that  the  Li3V04  electrode 
exhibits  excellent  cycle  stability  and  rate  capability.  At  a  current  density  of  0.25  C,  it  delivers  initial 
discharge  and  charge  capacity  about  624  and  481  mAh  g_1,  respectively,  which  maintains  of  398  and 
396  mAh  g-1  after  100  cycles.  After  60  cycles  at  various  rates  from  0.2  to  4.0  C,  the  discharge  capacity  can 
restore  98%  when  lowering  the  charge/discharge  rate  to  0.2  C.  A  possible  redox  reaction  mechanism  is 
proposed  to  interpret  the  lithiation/delithiation  process  of  Li3V04  according  to  experimental  observa¬ 
tions.  The  electrochemical  reaction  kinetic  of  the  Li3V04  electrode  is  studied  by  cyclic  voltammetry 
measurement  at  various  scan  rate,  which  indicates  the  anodic  and  cathodic  peak  currents  show  linear 
dependence  on  the  square  root  of  scan  rate  from  0.3  to  1.0  mV  s_1,  suggesting  a  lithium  ion  diffusion 
controlled  mechanism  in  the  charge/discharge  process. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Li-ion  batteries  are  becoming  not  only  the  main  power  source  in 
today’s  portable  electronic  devices  but  also  the  potential  power 
sources  of  electric  vehicles  and  hybrid  electric  vehicles.  One  of  the 
key  issues  in  the  development  of  Li-ion  batteries  is  to  explore 
electrode  materials  with  higher  capacity  and  better  electrochemical 
performance. 
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Transition  metal  oxides  (TMOS)  become  promising  anode  can¬ 
didates  for  Li-ion  batteries  owing  to  their  high  theoretical  capacity 
(500-1000  mAh  g-1)  that  based  on  a  novel  redox  reaction  [1]. 
Various  kinds  of  TMOS  such  as  Fe304,  Fe203,  C03O4,  CoO,  NiO  and 
CuxO  (x  =  1,  2)  as  anodes  for  Li-ion  battery  have  been  extensively 
researched  by  now  [2-7],  which  shows  impressive  electrochemical 
performance.  As  one  sort  of  specific  TMOS,  vanadium  oxides  (VxOy) 
usually  show  layered  or  channel-like  structure,  undergoing  an 
intercalation/deintercalation  reaction  mechanism  for  lithium  ions 
storage  and  usually  acting  as  cathode  materials  for  Li-ion  batteries 
[8-12].  The  introduction  of  metal  element  (Fe,  Cu,  Zn  etc.)  into 
vanadium  oxides  has  resulted  in  the  emergence  of  many  sorts  of 
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new  ternary  compounds,  which  exhibit  enticing  electrochemical 
properties  owing  to  their  peculiar  structures.  Different  kinds  of 
vanadium  element  based  TMOS  (TVOS)  such  as  ZnV204,  FeV04, 
ZnV206,  CuV206,  Cu2V207,  CusV2Oio  and  Ag2V40n  have  been 
fabricated  and  their  electrochemical  performance  were  studied 
[13-17],  which  show  much  different  electrochemical  characteris¬ 
tics.  For  example,  ZnV204  and  FeV04  exhibit  relative  low  voltage 
versus  Li  metal,  suggesting  them  as  potential  anode  materials  for 
Li-ion  batteries,  whereas  ZnV206,  CuV206,  Cu2V207,  Cu5V2Oio  and 
Ag2V40n  exhibit  relative  high  voltage  versus  Li,  suggesting  them  as 
potential  cathode  materials  for  Li-ion  batteries.  Such  difference 
comes  from  the  diverse  crystal  structure  of  TVOS  that  determined 
by  the  multiform  valence  values  of  vanadium  and  transition  metal 
elements.  TVOS  usually  undergo  complex  electrochemical  re¬ 
actions  during  the  charge  and  discharge  process,  resulting  in 
interesting  electrochemical  behavior.  Fox  example,  Ag2V40n  un¬ 
dergoes  the  reduction  of  V5+,  the  displacement  between  Li+  and 
Ag+,  the  structure  collapse,  the  reduction  of  Ag+  and  the  reduction 
of  V4+  during  the  discharge  process,  and  the  re-enter  of  Ag  without 
recovering  the  original  crystal  structure  during  the  charge  process 
[17].  Nevertheless,  the  fabrication  of  new  sort  of  TVOS  and  opti¬ 
mization  their  electrochemical  performance  is  desirable  for  the 
development  of  Li-ion  batteries.  Introducing  of  light  metal  ele¬ 
ments  in  TVOS  may  be  beneficial  to  improve  the  specific  capacity 
due  to  the  reduced  molecular  weight,  and  Li  spontaneously  be¬ 
comes  an  ideal  candidate  element.  Li  element  contained  TVOS 
(LVOS)  such  as  Lii+xV02,  LiV3Os,  LiV03  and  LiV2Os  have  already 
shown  attractive  electrochemical  performance  [18-21],  and  the 
research  on  the  electrochemical  property  of  new  sort  of  LVOS  will 
undoubtedly  bring  us  new  surprise  in  electrochemical  field.  Here  in 
this  paper,  we  report  the  preparation  of  Li3V04  and  its  electro¬ 
chemical  performance  as  anode  material  for  Li-ion  batteries.  The 
main  objective  of  this  paper  is  to  explore  the  electrochemical  per¬ 
formance  of  Li3V04  as  anode  for  Li-ion  battery  and  the  possible 
charge/discharge  mechanism,  which  may  be  benefit  to  further 
study  on  improving  the  electrochemical  performance  of  Li3V04. 

2.  Experimental  section 

2.1.  Fabrication  procedure 

The  chemicals  were  analytical  grade  and  purchased  from 
Shanghai  Chemical  Reagents.  In  a  typical  procedure,  1  mmol  V2Os, 
3  mmol  Li2C03  and  5  mmol  hexamethylenetetramine  were  dis¬ 
solved  in  30  ml  distilled  water.  After  stirring  for  20  min,  the  ho¬ 
mogeneous  yellowy  suspension  was  transferred  into  a  50  ml 
teflonlined  autoclave,  distilled  water  was  subsequently  added  to 
80%  of  its  capacity.  The  autoclave  was  at  last  sealed  and  placed  in  an 
oven,  heated  at  120  °C  for  24  h.  The  transparent  solution  was  dried 
in  an  oven  at  60  °C.  After  that,  the  white  precipitates  were  collected 
and  sintered  in  N2  atmosphere  at  500  °C  for  5  h. 

2.2.  Structure  and  morphology  characterization 

The  structure  and  morphology  of  the  resulting  products  were 
characterized  by  X-ray  powder  diffraction  (Rigaku  Ultima  IV  Cu  Ka 
radiation  A  =  1.5406  A),  field-emission  scanning  electron  micro¬ 
scopy  (FE-SEM  JSM  7500F,  JEOL)  and  transmission  electron  mi¬ 
croscopy  (TEM,  FEI,  Tecnai  G2  F30)  equipped  with  selected  area 
electron  diffraction  (SAED).  For  the  morphology  and  structure 
characterization  of  the  electrode  after  charge  and  discharge  tests, 
the  cell  was  prized  up  and  the  electrode  was  washed  with  ethanol 
and  distilled  water.  The  valence  state  of  the  sample  was  studied  by 
X-ray  photoelectron  spectroscopy  (XPS,  VG  ESCALAB210)  using  Mg 
Ka  radiation  under  a  pressure  of  5  x  10-9  Torr. 


2.3.  Electrochemical  characterization 

For  fabricating  of  lithium  ion  battery,  a  mixture  of  80  wt%  of 
active  material,  10  wt%  of  acetylene  black,  and  10  wt%  of  poly- 
vinylidene  fluoride  (PVDF)  dissolved  in  N-methylpyrrolidine  (NMP) 
solution  (0.02  g  nrdr1)  were  coated  on  copper  foil  and  cut  into  disc 
electrodes  with  a  diameter  of  14  mm  using  a  punch.  Coin-type  cells 
(2025)  of  Li/1  M  LiPF6  in  ethylene  carbonate,  dimethyl  carbonate 
and  diethyl  carbonate  (EC/DMC/DEC,  1:1:1  v/v/v)/Li3V04  disc 
electrode  were  assembled  in  an  argon-filled  dry  box  (MIKROUNA, 
Super  1220/750,  H20  <  1.0  ppm,  02  <  1.0  ppm).  A  Celgard  2400 
microporous  polypropylene  was  used  as  the  separator  membrane. 
The  cells  were  tested  in  the  voltage  range  between  0.02  and  3  V 
with  a  multichannel  battery  test  system  (LAND  CT2001A).  The 
Cyclic  voltammetry  (CV)  measurement  of  the  electrodes  was  car¬ 
ried  out  on  a  CHI660C  electrochemical  workstation  at  a  scan  rate  of 
0.2  mV  s-1  between  0  and  3  V. 

3.  Results  and  discussion 

Typical  XRD  pattern  of  the  products  is  shown  in  Fig.  1.  As  seen, 
the  diffraction  peaks  located  at  16.3°,  21.6°,  22.9°,  24.4°,  28.2°, 
32.8°,  36.3°,  37.6°,  49.8°,  58.7°,  66.2°  and  70.9°  can  be  attributed  to 
the  (100),  (110),  (011),  (101),  (111),  (200),  (002),  (201),  (202),  (320), 
(203)  and  (322)  crystal  faces  of  orthorhombic  Li3V04  with  lattice 
constants  a  =  6.319  A,  b  =  5.448  A  and  c  =  4.940  A,  which  is  in  good 
agreement  with  the  JCPDS,  No.  38-1247.  The  small  diffraction  peaks 
located  at  30.4°  and  31.6°  (marked  by  *)  can  be  indexed  as  (311 )  and 
(112)  crystal  faces  of  orthorhombic  V4O9  (JCPDS,  No.  24-1391). 

Fig.  2(a)  is  a  low  magnification  SEM  image  of  the  as-prepared 
Li3V04,  which  exhibits  porous  architecture,  consisting  of  a  large 
number  of  particles.  Fig.  2(b)  is  a  high  magnification  SEM  image  of 
the  Li3V04,  which  indicates  the  mean  size  of  those  particles  is  about 
250  nm.  As  seen,  those  particles  show  smooth  surface,  among 
which  a  large  number  of  holes  and  interspaces  clearly  exhibit.  TEM 
provides  further  insight  into  the  structural  details  of  the  Li3V04.  As 
shown  in  a  low  magnification  TEM  image  in  Fig.  2(c),  the  Li3V04 
particles  are  composed  of  nanoparticles  with  different  size  ranges 
from  20  to  100  nm.  The  insert  of  Fig.  2(c)  is  a  SAED  pattern  of  the 
Li3V04  particles,  regular  diffraction  spots  suggest  the  as- 
synthesized  Li3V04  are  well  crystallized.  Fig.  2(d)  is  a  high- 
resolution  TEM  (HRTEM)  image  of  the  Li3V04,  which  shows  clear 
lattice  fringes.  The  interplanar  spacing  is  about  0.206  nm,  which 
corresponds  to  the  (220)  plane  of  the  orthorhombic  Li3V04. 

Galvanostatic  charge/discharge  cycling  was  carried  out  in  the 
potential  window  of  0.02-3.0  V  versus  Li.  Fig.  3(a)  is  the  initial 
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Fig.  2.  Low  (a)  and  high  (b)  magnification  SEM  images  of  the  as-prepared  Li3V04;  TEM  (c)  and  HRTEM  (d)  images  of  the  as-prepared  Li3V04.  The  insert  of  (c)  is  a  SAED  pattern. 


Fig.  3.  Electrochemical  performance  of  Li3V04  electrode,  (a)  The  galvanostatic  charge/discharge  voltage  profiles  for  the  initial  three  cycles,  (b)  Capacity  retention  of  the  galvanostatic 
test  runs  at  a  rate  of  0.25  C.  (c)  Coulombic  efficiency,  (d)  Cyclic  voltammograms  at  a  scan  rate  of  0.2  mV  s_1. 
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three  charge  and  discharge  curves  at  a  rate  of  0.25  C  (1  C  means 
accomplishing  discharge  or  charge  in  an  hour).  As  seen,  the  initial 
discharge  curve  differs  slightly  from  the  2nd  and  3rd  one,  showing 
three  sloping  potential  ranges  (1.9-0.76,  0.76-0.4  and  0.4-0.02  V) 
for  multistep  electrochemical  reactions  for  the  lithiation  process. 
The  subsequent  two  discharge  curves  show  two  sloping  potential 
ranges  (1.9-0.4  and  0.4-0.02  V),  accompanied  by  a  decrease  of 
discharge  capacity.  The  initial  three  charge  curves  show  similar 
profile  with  sloping  potential  range  from  0.8  to  1.9  V.  Fig.  3(b) 
shows  the  capacity  retention  of  the  U3VO4  electrode.  The  initial 
discharge  capacity  is  624  mAh  g-1,  which  is  bigger  than  that  of  the 
initial  charge  capacity  (481  mAh  g-1),  corresponding  to  the  irre¬ 
versible  lithium  ions  consumption  during  the  formation  of  solid 
electrolyte  interface  (SEI).  Both  the  charge  and  discharge  capacity 
decrease  slowly  along  with  the  increasing  of  cycle  number  in  the 
first  few  cycles  and  gradually  reach  stable  values.  After  100  cycles, 
the  discharge  and  charge  capacity  maintain  of  398  and 
396  mAh  g-1,  respectively.  The  corresponding  coulombic  efficiency 
of  the  U3VO4  electrode  is  shown  in  Fig.  3(c).  As  seen,  it  exhibits  an 
initial  columbic  efficiency  of  77.2%,  which  is  bigger  than  traditional 
TMOS  such  as  Fe304,  NiO  and  Cu*0  [6,22,23].  The  coulombic  effi¬ 
ciency  increases  along  with  cycle  number,  being  95.5%  and  97.6%  in 
the  2nd  and  3rd  cycle,  respectively.  It  is  noticed  that  the  mean  value 
of  coulombic  efficiency  of  the  U3VO4  electrode  is  99.3%  in  100  cy¬ 
cles,  which  suggests  a  highly  reversible  lithiation  and  delithiation 
process.  The  cyclic  voltammetric  (CV)  curves  of  the  U3VO4  elec¬ 
trode  were  tested  over  a  voltage  range  from  0  to  3.0  V  at  a  scan  rate 
of  0.2  mV  s-1.  As  shown  in  Fig.  3(d),  the  profiles  of  CV  curves  of  the 
2nd  and  3rd  cycle  are  similar,  whereas  an  obvious  difference  be¬ 
tween  the  first  and  subsequent  two  cycles  is  found.  In  the  1st 
cathodic  scan,  two  reduction  peaks  at  around  0.41  and  0.74  V  are 
observed,  which  are  attributed  to  the  lithiation  process  owing  to 
the  reduction  of  U3VO4  and  the  formation  of  SEI.  The  location  of  the 
reduction  peaks  consists  well  with  the  voltage  plateau  in  the  first 
discharge  curve.  The  reduction  peaks  shift  to  0.5  and  0.8  V  in  the 
2nd  cathodic  scan,  which  can  be  ascribed  to  the  activation  of 
Li3V04,  being  similar  to  TMOS  operating  conversion  mechanism 
[6,24,25].  In  the  anodic  scan,  the  oxidation  peak  locates  at  about 
1.35  V,  can  be  attributed  to  the  delithiation  process  that  involves 
the  reversible  formation  of  Li3V04  and  the  release  of  lithium  ions. 

Fig.  4  is  the  XRD  patterns  of  the  Li3V04  electrode  with  different 
discharge  and/or  charge  state.  As  seen,  the  diffraction  peaks  of 
Li3V04  are  clearly  observed  when  discharging  to  0.74  V,  indicating 
the  lithiation  process  of  Li3V04  doesn’t  accomplish 
until  discharging  to  0.74  V.  The  diffraction  peaks  of  Li3V04  disap¬ 
pear  when  further  discharging  to  0  V,  which  suggests  the  reduction 
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Fig.  4.  XRD  patterns  of  Li3V04  under  different  charge  and/or  discharge  state. 


Fig.  5.  High  resolution  XPS  spectrum  of  V  2p  region  for  the  as-prepared,  full  dis¬ 
charged  and  full  charged  Li3V04.  The  insert  is  the  high  resolution  XPS  spectra  of  V  2p 
region  for  the  full  discharged  Li3V04. 


of  Li3V04  into  a  new  phase.  In  the  first  charging  process,  weak 
diffraction  peaks  correspond  to  (111)  and  (200)  of  U3VO4  were 
detected  when  charging  to  3.0  V,  suggesting  a  reversible  redox 
reaction.  In  the  subsequent  charge/discharge  process,  amorphous 
state  of  the  electrode  is  preserved.  The  observed  XRD  result  is 
similar  to  that  of  NiO  possesses  redox  reaction  mechanism  [26]. 

The  valence  variation  of  vanadium  element  with  full  discharge 
and  charge  state  was  studied  by  XPS  spectra.  As  shown  in  Fig.  5,  the 
binding  energy  of  V  2p  signals  shows  clear  variation  during 
discharge  and  charge  process.  For  the  as-prepared  Li3V04,  two 
peaks  located  at  517.9  and  525.7  eV  can  be  assigned  to  the  V  2p3/2 
and  V  2pi/2  for  V5+  [27].  For  the  Li3V04  electrode  discharged  to  0  V, 
two  peaks  locate  at  515.4  and  522.7  eV  can  be  assigned  to  the  V  2p3/ 
2  and  V  2pi/2  for  V3+  [27],  suggesting  the  reduction  of  V5+  into  V3+ 
in  the  discharge  process.  For  the  Li3V04  electrode  charged  to  3  V, 
two  peaks  ofV  2p3/2  and  V  2pi/2  for  V5+  at  517.8  and  525.5  eV  can  be 
observed  again,  suggesting  the  oxidation  of  V3+  into  V5+  in  the 
charge  process.  Based  on  the  stable  specific  capacity  of  L^VCU 
about  400  mAh  g  \  it  can  be  deduced  that  there  is  about  2  lithium 
ions  contributes  to  the  capacity  of  a  Li3V04  molecular,  which  ac¬ 
companies  by  the  reduction  and  oxidation  of  V  element  in  U3VO4  in 
discharge  and  charge  process.  Thus  we  suggest  the  possible  charge/ 
discharge  mechanism  of  L^VC^  is  as  follows: 


xLi+  +  Li3 V04  +  xe  Li3+X V04  (x  <  2)  ( 1 ) 

Further  investigation  should  be  done  to  confirm  the  detailed 
lithiation/delithiation  behavior  of  L^VC^,  so  more  effective  tech¬ 
nique  can  be  adopted  to  improve  the  electrochemical  performance 
of  U3VO4. 

Fig.  6(a)  is  a  low  magnification  SEM  image  of  the  Li3V04  elec¬ 
trode  after  100  cycles  with  charge  state,  exhibiting  a  large  number 
of  holes  on  the  surface.  High  magnification  SEM  image  of  the  cycled 
electrode  is  shown  in  Fig.  6(b),  which  indicates  the  electrode  con¬ 
sists  of  a  large  quantity  of  nanoparticles  with  mean  size  about 
100  nm.  As  seen,  these  nanoparticles  connect  with  each  other, 
forming  a  new  porous  architecture.  TEM  image  provides  further 
insight  into  the  structural  details  of  the  cycled  electrode.  Fig.  6(c)  is 
a  TEM  image  of  the  cycled  L^VCU  electrode,  which  shows  a  large 
number  of  nanoparticles,  and  these  nanoparticles  are  composed  of 
smaller  particles  with  size  of  tens  of  nanometers.  The  insert  of 
Fig.  6(c)  shows  a  SAED  pattern  of  the  cycled  electrode,  diffraction 
rings  suggest  an  amorphous  state.  Fig.  6(d)  is  a  FIRTEM  image  of  the 
cycled  Li3V04  electrode,  which  suggests  the  cycled  electrode  is 
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Fig.  6.  SEM  (a)  and  (b),  TEM  (c)  and  HRTEM  (d)  images  of  the  Li3V04  electrode  after  100  cycles  test  with  charge  state.  The  insert  of  (c)  is  a  SAED  pattern. 


amorphous  with  some  crystal  grains  embedded  in  the  amorphous 
matrix.  The  interplanar  spacing  of  the  crystal  grain  is  about 
0.206  nm,  which  corresponds  to  the  (220)  plane  of  the  ortho¬ 
rhombic  U3VO4.  Our  previous  study  suggests  TMOS  that  based  on  a 
redox  reaction  mechanism,  can  realize  the  morphology  variation 
during  charge/discharge  test,  which  can  be  divided  into  an  elec¬ 
trochemical  activation  that  results  in  the  formation  of  a  large 
number  of  nanosized  particles  and  subsequent  electrochemical 
reconstruction  that  leads  to  the  reassembly  of  these  nanosized 
particles  into  new  special  architecture  [28,29].  Here  in  this  study, 
we  are  delighted  to  found  a  size  reduction  accompanied  by  a 
morphology  variation  of  U3VO4  after  cycling  test.  It  means  that 
electrochemical  activation  and  electrochemical  reconstruction 


occurred  in  U3VO4  electrode,  which  is  a  surprised  observation  in 
LVOS.  The  observations  are  in  accordance  with  the  XRD  result  in 
Fig.  4  and  the  proposed  charge/discharge  mechanism.  The  recon¬ 
structed  porous  architecture  can  facilitate  the  electrochemical  re¬ 
actions  between  electrode  and  electrolyte  and  improve  the 
structure  stability  of  the  U3VO4  electrode,  resulting  in  good  elec¬ 
trochemical  performance. 

Fig.  7(a)  shows  the  discharge  and  charge  curves  of  the  U3VO4 
electrode  at  various  C  rates  from  0.2  to  4.0  C.  Along  with  the  in¬ 
crease  of  discharge/charge  rate,  the  discharge  potential  decreases 
and  the  charge  potential  increases  due  to  kinetic  effects  of  the 
material,  rendering  higher  overpotential  [30  .  As  shown  in  the  rate 
capability  in  Fig.  7(b),  the  5th  discharge  capacity  is  408,  358,  311, 


Fig.  7.  Representative  charge  and  discharge  voltage  profiles  (a)  and  capacity  retention  (b)  of  Li3V04  electrode  at  various  C  rates. 
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Fig.  8.  (a)  CV  curves  of  the  Li3V04  electrode  at  different  scan  rate  between  0  and  3  V.  (b)  Dependence  of  peak  current  on  the  square  rate  of  scan  rate  for  Li3V04  electrode. 


Fig.  9.  XRD  pattern  of  the  products  obtained  by  annealing  the  pre-obtained  Li3V04  in 
air  atmosphere  at  700  °C  for  5  h. 

279,  262  and  216  mAh  g”1  at  rates  of  0.2,  0.5, 1.0, 1.5,  2.0  and  4.0  C, 
respectively.  After  that,  the  discharge  capacity  can  restore  to 
398  mAh  g-1  when  lowing  the  discharge/charge  rate  to  0.2  C.  The 
as-prepared  Li3V04  powder  electrode  shows  excellent  cycle  sta¬ 
bility  and  rate  capability,  which  suggests  potential  application  as 
anode  material  for  Li-ion  batteries. 

CV  curves  of  the  Li3V04  electrode  at  scan  rates  from  0.3  to 
1.0  mV  s_1  are  shown  in  Fig.  8(a).  As  found,  the  reduction  peak 
shifts  to  low  potential  region  along  with  the  increasing  of  scan  rate, 
whereas  the  oxidation  peaks  shift  to  high  potential  region, 
demonstrating  the  less  polarization  under  a  low  scan  rate.  Fig.  8(b) 
shows  the  relationship  between  peak  current  and  square  root  of 


scan  rate  obtained  from  the  experimental  data  in  Fig.  8(a).  As 
shown,  both  the  anodic  (delithiation)  and  cathodic  (lithiation)  peak 
currents  show  linear  dependence  on  the  square  root  of  the  scan  rate 
from  0.3  to  1.0  mV  s-1,  suggesting  a  lithium  ion  diffusion  controlled 
mechanism  in  the  charge  and  discharge  process  [28,31,32].  This 
observation  suggests  that  electronic  conductivity  is  not  a  main  re¬ 
striction  factor  for  the  electrochemical  performance  of  Li3V04, 
which  imply  us  that  improving  the  diffuse  coefficient  of  lithium  ion 
is  a  feasible  way  to  enhance  the  electrochemical  performance  of 
Li3V04. 

To  obtain  Li3V04  with  higher  purity,  the  pre-obtained  products 
(500  °C,  N2,  5  h)  were  further  annealed  in  air  atmosphere  at 
700  °C  for  5  h.  Typical  XRD  pattern  of  the  re-annealed  products  is 
shown  in  Fig.  9.  As  seen,  the  diffraction  peaks  located  at  16.3°, 
21.6°,  22.9°,  24.4°,  28.2°,  32.8°,  36.3°,  37.6°,  49.8°,  58.7°,  66.2°  and 
70.9°  can  be  observed,  which  attributed  to  the  (100),  (110),  (011), 
(101),  (111),  (200),  (002),  (201),  (202),  (320),  (203)  and  (322) 
crystal  faces  of  orthorhombic  Li3V04  (JCPDS,  No.  38-1247).  Strong 
and  sharp  diffraction  peaks  suggest  that  the  re-annealed  Li3V04 
are  well  crystallized.  No  diffraction  peaks  other  than  those  of 
Li3V04  were  detected,  indicating  high  purity  of  the  obtained 
products. 

Fig.  10(a)  is  a  low  magnification  SEM  image  of  the  re-annealed 
Li3V04,  which  consists  of  a  large  number  of  microparticles  with 
size  ranges  from  2  to  10  pm.  The  mean  size  of  these  particles  is 
much  bigger  than  that  of  the  pre-obtained  Li3V04,  which  is  due  to 
the  crystal  growth  of  Li3V04  under  high  temperature.  For  further 
observation  the  morphology  of  the  particles,  high  magnification 
SEM  image  of  the  re-annealed  Li3V04  is  provided.  As  shown  in 
Fig.  10(b),  these  particles  are  of  smooth  surface,  on  which  a  large 
number  of  nanoparticles  with  size  less  than  100  nm  locate,  sug¬ 
gesting  a  possible  Ostwald  ripening  growth  mechanism  [33]. 


Fig.  10.  SEM  images  of  the  products  obtained  by  annealing  the  pre-obtained  Li3V04  in  air  atmosphere  at  700  °C  for  5  h. 
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Fig.  11(a)  is  the  initial  three  charge  and  discharge  voltage  pro¬ 
files  of  the  re-annealed  U3VO4  electrode.  As  seen,  when  applying  an 
identical  current  density  (comparing  with  the  pre-obtained 
U3VO4),  the  electrode  shows  two  sloping  potential  regions  (1.75- 
0.75  V  and  0.75-0.02  V)  in  discharge  curve  and  a  sloping  potential 
region  (1.0—1.75  V)  in  charge  curve.  The  difference  between  the 
initial  discharge  and  charge  capacity  for  the  Li3V04  electrode  is  due 
to  the  formation  of  SEI.  In  addition,  the  charge/discharge  curves 
differ  from  these  in  Fig.  3(a),  suggesting  different  charge/discharge 
reaction  kinetics,  which  may  be  relevant  to  the  size  and  the  crys¬ 
tallographic  orientation  of  U3VO4.  Fig.  11(b)  shows  the  capacity 
retention  profiles  and  coulombic  efficiency  of  the  Li3V04  electrode. 
As  seen,  the  discharge  and  charge  capacity  are  122.3  and 
49.1  mAh  g-1  in  the  initial  cycle,  which  decrease  along  with  the 
increasing  of  cycle  number  in  the  first  few  cycles,  and  then  grad¬ 
ually  reach  stable  values,  being  58.3  and  57.6  mAh  g-1  after  100 
cycles.  The  first  coulombic  efficiency  of  the  U3VO4  electrode  is 
49.1%,  which  gradually  increases  in  the  first  few  cycles  and  then 
reaches  a  stable  value,  maintaining  a  mean  value  of  98.3%  over  100 
cycles.  It  is  noticed  that  the  specific  capacity  of  U3VO4  electrode 
after  annealing  in  air  at  700  °C  is  much  smaller  than  that  before 
annealing,  which  may  be  relevant  to  the  size  and  crystallographic 
orientation  of  U3VO4.  The  bigger  the  size  of  U3VO4  is,  the  lower  the 
diffuse  coefficient  of  lithium  ions  shows,  which  leads  to  worse 
electrochemical  performance  of  U3VO4.  In  addition,  the  annealed 
sample  with  bigger  size  shows  lower  initial  and  average  coulombic 
efficiency,  which  may  be  due  to  the  amorphization  of  U3VO4  in 
lithiation/delithiation  process.  Based  on  the  obtained  experimental 
results,  it  can  be  deduced  that  the  electrochemical  performance  of 
U3VO4  may  be  affected  not  only  by  the  purity,  the  particle  size  and 
morphology,  but  also  by  the  inner  crystallographic  orientation  and 
related  lithiation/delithiation  process. 

4.  Conclusions 

In  summary,  U3VO4  was  prepared  via  a  facile  method  and  its 
electrochemical  performance  as  anode  for  Li-ion  batteries  was  firstly 
researched.  The  as-prepared  Li3V04  shows  good  electrochemical 
performance  based  on  a  possible  redox  reaction  mechanism.  A  novel 
size  decreasing  and  structure  variation  of  the  Li3V04  electrode  was 
observed  after  cycling,  which  can  be  ascribed  to  an  electrochemical 
activation  and  subsequent  electrochemical  reconstruction  that 
induce  the  formation  of  a  new  porous  architecture,  facilitating  the 
reaction  kinetics  and  improving  the  electrochemical  performance  of 
Li3V04.  Further  research  on  optimizing  the  electrochemical  perfor¬ 
mance  of  Li3V04  should  be  done  to  realize  the  practical  application  of 
this  new  kind  of  anode  material  in  Li-ion  batteries.  Improving  the 
diffuse  coefficient  of  lithium  ions  may  be  an  effective  way  to  enhance 
the  electrochemical  performance  of  Li3V04. 
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